The retina is among the most metabolically active tissues in the body, requiring a constant supply of blood glucose to sustain function. We assessed the impact of low blood glucose on the vision of C57BL/6J mice rendered hypoglycemic by a null mutation of the glucagon receptor gene, Gcgr. Metabolic stress from moderate hypoglycemia led to late-onset loss of retinal function in Gcgr ؊/؊ mice, loss of visual acuity, and eventual death of retinal cells. Retinal function measured by the electroretinogram b-wave threshold declined >100-fold from age 9 to 13 months, whereas decreases in photoreceptor function measured by the ERG a-wave were delayed by 3 months. At 10 months of age Gcgr ؊/؊ mice began to lose visual acuity and exhibit changes in retinal anatomy, including an increase in cell death that was initially more pronounced in the inner retina. Decreases in retinal function and visual acuity correlated directly with the degree of hypoglycemia. This work demonstrates a metabolic-stress-induced loss of vision in mammals, which has not been described previously. Linkage between low blood glucose and loss of vision in mice may highlight the importance for glycemic control in diabetics and retinal diseases related to metabolic stress as macular degeneration.
C
hanges in metabolism can affect vision. Lowering blood glucose (BG) can decrease human visual sensitivity (1-3) as does reducing the partial pressure of inhaled oxygen (4) . Natural nighttime decreases in glucose availability (5, 6 ) parallel a decline in visual sensitivity that can be restored by glucose ingestion (7) . In the cat, acute decreases in glucose supply can transiently reduce retinal sensitivity (8) and exacerbate the effects of hypoxia on the retina (9) . The effects of metabolite supply on vision are not surprising in view of the high energy consumption by the retina (10, 11) . Although the retina's high metabolic activity has been known for Ͼ40 years (12) , the consequences of an inadequate supply of metabolites are not completely understood.
We report here that a chronic decrease in BG in mice decreases retinal function, leading to a loss of vision and eventual degeneration of the retina. We observed decreases in both electroretinogram (ERG) a-and b-waves, as well as a loss in visual acuity. Retinal cell death, assayed by TUNEL, was increased in Gcgr Ϫ/Ϫ mice, and decreases in cell number were detected. These data indicate that a chronic decrease in BG leads to loss of vision and cell death in mice and highlight the possibility that the human retina may likewise be susceptible to hypoglycemia.
Results

Glucagon Receptor and Changes in BG.
Hypoglycemia was induced in C57BL/6J mice by a null mutation of the glucagon receptor gene, Gcgr (13) . Among its actions, the glucagon receptor under control of glucagon regulates gluconeogenesis to increase BG levels. Liver and kidney abundantly express Gcgr, and PCR analysis reveals trace levels of receptor mRNA in the retina of wild-type (WT) mice (14) , a result we confirm (data not shown). Adult Gcgr Ϫ/Ϫ mice exhibited a BG range of 50-115 mg/dl (see Methods) with a mean Ϯ SD of 78.4 Ϯ 16.9 mg/dl (11-13 months of age, n ϭ 14). In several tests reported here we divided the mice into moderately (Ͻ95 mg/dl; average ϭ 70.6 Ϯ 12.2; n ϭ 9) and mildly (Ͼ95 mg/dl; 91.0 Ϯ 16.2; n ϭ 5) hypoglycemic groups. Age-matched WT and littermate Gcgr ϩ/Ϫ mice had average BG of 126.9 Ϯ 21.5 mg/dl (n ϭ 11) and 129.1 Ϯ 22.4 mg/dl (n ϭ 9), respectively. We analyzed vision of these three genotypes as a function of age.
Losses in Retinal Function. The earliest detectable change in vision of hypoglycemic Gcgr Ϫ/Ϫ mice is a loss of retinal function. We assessed their retinal function by recording the ERG (Fig. 1A) . The corneal negative a-wave of the ERG yields information about phototransduction processes and precedes the corneal positive b-wave that reflects postphototransduction responses. The a-and b-waves recorded from 8-month-old Gcgr Ϫ/Ϫ mice ( Fig. 1 A, red trace) have the same amplitudes and kinetics as those recorded from same-age euglycemic Gcgr ϩ/Ϫ mice ( Fig.  1 A, black trace), indicating equal retinal sensitivities. However, both a-and b-waves were substantially smaller at 13 months of age, indicating large losses in retinal function of older hypoglycemic mice. The systematic age-related changes in the ERG components are evident in the intensity-response functions plotted in Fig. 1 B and C and Table 1. Note that the threshold intensities for evoking b-waves progressively increased for Gcgr Ϫ/Ϫ mice 9 months of age and older, whereas those for a-waves increased only in 12-to 13-month-old mice.
We tracked the age-related changes in retinal function by periodically measuring the threshold light intensities (I t ) required to evoke small-amplitude a-and b-waves, 30 and 50 V, respectively. Plotting retinal I t as a function of age shows that a-wave threshold intensity begins to increase at Ϸ12 months of age ( Fig. 2A, red symbols) . The b-wave threshold of the same mice begins to change earlier at 9 months of age, increasing Ͼ100-fold over the next 4 months (Fig. 2B) . That of euglycemic Gcgr ϩ/ϩ and Gcgr ϩ/Ϫ mice remained relatively stable, increasing only Ϸ3-fold from 4 to 17 months of age.
Loss of retinal function in hypoglycemic Gcgr Ϫ/Ϫ mice is not associated with significant changes in the kinetic properties of the ERG. The latency of the b-wave response is approximately the same for both genotypes, suggesting that initial losses result from local rather than global changes in retinal function [see supporting information (SI) Fig. 5 ]. Minimal age-related changes in the intensity for half-maximal b-wave response (I o ) also suggest local changes in retinal function. SI Fig. 6 ). The progressive age-related losses in the ERG suggest that hypoglycemia equally affects both rod-and cone-mediated responses and acts earlier on cellular mechanisms downstream from phototransduction (b-wave) than on phototransduction processes themselves (awave). The initial site(s) of action could be the photoreceptor synapse or retinal cells postsynaptic to the photoreceptors. Euthanization for histology limited the data at 11, 12, and 13 months to 9, 7, and 5 mice, respectively. Red curve is a polynominal fit. Median illumination at the surface of the cornea was 70 cdm Ϫ2 . Bars are SEM. Losses in Visual Acuity. Age-related losses in visual acuity of hypoglycemic mice lag behind those in retinal function (Fig. 2C) . Visual acuity of moderately hypoglycemic Gcgr Ϫ/Ϫ mice (red symbols) began to decline at 10 months of age and continued until age 13 months, when the mice were killed for retinal histology. Euglycemic littermate Gcgr ϩ/Ϫ mice maintained high visual acuities past 16 months of age. We measured visual acuities of mice by observing their optomotor behavior in response to rotating sinusoidal patterns using a double-blind procedure (see Methods).
Blood Glucose. We investigated whether BG level is the independent variable mediating vision loss. Not all Gcgr Ϫ/Ϫ mice are equally hypoglycemic, and not all Gcgr ϩ/ϩ and Gcgr ϩ/Ϫ mice are equally euglycemic. To test the role of glucose, we grouped all adult mice (10-13 months old) according to their BG phenotype and plotted their retinal thresholds and visual acuity as functions of BG level (Fig. 3 A and B) . The near-linear relationships between BG and these measures of vision indicate that BG is a strong predictor of losses in vision.
To further test the role of BG, we placed Gcgr Ϫ/Ϫ mice on a high-carbohydrate diet that elevated BG to euglycemic levels (129.2 Ϯ 9.0 mg/dl, n ϭ 5). We selected 6-to 7-month-old mice that had not yet experienced a loss of vision. Fig. 3C shows that maintaining these mice at euglycemic levels retained near normal retinal response past the age of 12 months when they would normally have had a substantial loss of vision. Not only is BG a predictor of vision loss, but restoration of euglycemic BG delays loss of vision.
We investigated whether the loss of vision is simply a function of decreased availability of glucose. Acute hyperglycemia (206 Ϯ 40 mg/dl) caused by dextrose ingestion in 13-month-old Gcgr Ϫ/Ϫ mice (see Methods) produced no concomitant increase in retinal response as measured by the ERG b-wave amplitude and threshold intensity (n ϭ 3; data not shown). Neither ERG measure was affected by transient increases in BG. We conclude that acute increases in glucose availability are not enough to rescue retinal responses and suggest that the loss of retinal function in Gcgr Ϫ/Ϫ mice is not reversible.
Changes in Retinal Anatomy. Histological analysis showed that age-related changes in retinal anatomy of hypoglycemic mice occur later than those in visual acuity and retinal function (Fig.  4) . The changes are generally small and are first detectable in mice at Ϸ10-11 months of age. Comparing axial sections of retinas from all three genotypes reveals a slight thinning of the major retinal layers of the retina of a 13-month-old Gcgr Ϫ/Ϫ mouse. The analyses in Fig. 4 and Gcgr ϩ/Ϫ mice, but the change may not be significant. The small changes in retinal anatomy of hypoglycemic relative to euglycemic mice are remarkable in light of the accompanying changes in retinal function. For example, the 13-month-old Gcgr Ϫ/Ϫ mice had a 100-fold loss in retinal response (b-wave threshold; Fig. 2B ) with only modest losses of cells in the ONL and INL (Fig. 4 B and C) . Several of the Gcgr Ϫ/Ϫ mice we examined exhibited extensive degeneration with few cells remaining in both the ONL and INL or had patches of retina missing completely with some adhering to the posterior surface of the lens. Such mice were functionally blind with no recordable ERGs. Their data are not included in the analyses in Fig. 4 .
Cell Death. Retinal cell death is elevated in older hypoglycemic mice. TUNEL-positive cells were detected in the Gcgr Ϫ/Ϫ mouse retina. The section in Fig. 4A contains an exceptional number of positive cells and emphasizes our general finding of cell death being initially more pronounced in the proximal INL portion of the retina before occurring in the outer retina. The summary of TUNEL across all three genotypes (Fig. 4D ) reveals more dying cells in the retinas of Gcgr Ϫ/Ϫ mice. Only 6.4% of TUNELpositive cells colabeled with cleaved caspase-3 (data not shown). These results suggest a caspase-3-independent pathway to cell death (15).
Fig. 3. BG independently modulates retinal and visual function. (A and B)
Retinal response threshold (A) and visual acuity (B) plotted as functions of BG of Gcgr Ϫ/Ϫ and Gcgr ϩ/Ϫ mice. Results were averaged according to BG levels by clustering BG levels into six bins (15 mg/dl wide) from 60 to 150 mg/dl. Data were acquired from 17 Gcgr ϩ/Ϫ and 14 Gcgr Ϫ/Ϫ mice (A) and from 11 Gcgr ϩ/Ϫ and 10 Gcgr Ϫ/Ϫ mice (B) with up to four trials per mouse. (C) Comparison of retinal response thresholds of Gcgr Ϫ/Ϫ and Gcgr ϩ/Ϫ mice maintained on a regular diet with Gcgr Ϫ/Ϫ mice placed on a high-carbohydrate diet beginning at 6 -7 months of age (n ϭ 5-7). Gcgr Ϫ/Ϫ mice on a high-carbohydrate diet were significantly different from Gcgr Ϫ/Ϫ mice on regular diet ( * , P Ͻ 0.05, one-way ANOVA; Holm-Sidak test). Bars are SEM.
Discussion
To summarize, hypoglycemic Gcgr Ϫ/Ϫ mice exhibit age-related losses in retinal function followed by losses in visual acuity and cell death in the inner retina (INL). Euglycemic Gcgr ϩ/ϩ and Gcgr ϩ/Ϫ mice maintain high acuity with small decreases in retinal responses over the 17-month testing period. Others had noted age-related losses in retinal responses of WT C57BL/6J mice. Gresh et al. (16) reported decreases in the ERG b-wave amplitude accompanied by cell loss in the outer retina (ONL) as mice aged from 4 to 17 months. Li et al. (17) also found decreases in ERG amplitude as WT pigmented mice aged from 2 to 12 months, but they did not report a corresponding change in retinal anatomy.
Vision losses in hypoglycemic mice are distinguished by their late onset (Ͼ8 months) and slow rate (Ͼ5 months). Typically, retinal degeneration in transgenic mice begins at or shortly after birth and is complete in a matter of weeks (18) . However, there are exceptions such as Rds Ϫ/Ϫ mice in which retinal degeneration begins early in life but continues slowly for months (19) . Also, mice deficient in either the monocyte chemoattractant protein (Ccl2 Ϫ/Ϫ ) or the chemokine receptor-2 (Ccr2 Ϫ/Ϫ ) exhibit lateonset degeneration, beginning at Ϸ9 months of age and progressing over the next 3-4 months (20) . Interestingly, these temporal properties approximate those that we report here for Gcgr Ϫ/Ϫ mice.
Cell death occurring initially in the INL of the retina of Gcgr Ϫ/Ϫ mice differs from the common observation of degeneration beginning in the outer layers, specifically the photoreceptor layer, as a result of null mutations of genes involved primarily in photoreceptor function (21) . An exception is the harlequin mutant mouse (Hq) in which retinal cell death initially occurs in the inner layers with eventual involvement of all retinal layers (22) . Although degeneration is associated with a proviral insertion mutation in a gene encoding Apoptosis Inducing Factor, the precise molecular mechanism(s) are not known. The mechanisms underlying cell death in Gcgr Ϫ/Ϫ retinas are also not known, but our results point to caspase-3-independent mechanisms.
Extent of cell death (Fig. 4) is modest in comparison with the substantial losses in retinal function. A possible explanation is that initially metabolically stressed cells lose function irreversibly without undergoing apoptosis. Such nonfunctioning cells may persist with near normal anatomy despite their inability to signal changes in the visual field. Alternatively, such nonfunctioning cells may exist in a dormant state that can be rescued with prolonged exposure to euglycemic conditions. Either way, the point at which cell function is lost may be well upstream of apoptosis.
Dependence of vision loss on BG level (Fig. 3) suggests that it is not a direct result of the null mutation of Gcgr but rather a consequence of the metabolic stress from hypoglycemia caused by the mutation. Because glucose is essential for retinal function, an inadequate supply may lead to a subnormal production of ATP and eventual cell death. Glucose metabolism dysfunction has been linked to impaired vision and loss of retinal function in zebrafish (23) . Links between glucose metabolism and cell death are beginning to be worked out in other tissues (24) . In Gcgr Ϫ/Ϫ mice the events triggered by systemic hypoglycemia are not known. They may act alone or in concert with other processes such as oxidative stress that is known to be associated with retinal cell death (25) and may impair vision by altering brain as well as retinal function.
Recurrent hypoglycemia is the most feared complication of intensive insulin treatment of type 1 diabetes (26) . It causes disabling episodes and recurrent morbidity in most type 1 diabetics as well as many type 2 diabetics and can be fatal. Chronic hypoglycemia, as we report here, causes loss of vision and eventual retinal degeneration in mice. These actions of recurrent and chronic hypoglycemia may further underscore the importance of glycemic control by diabetics.
Materials and Methods
Animals. Mice possessing a null mutation of the glucagon receptor (Gcgr Ϫ/Ϫ ) were generated as described (13) . We studied mice that were backcrossed onto the C57BL/6J background, as well as littermate controls and age-matched WT mice. Mutant alleles were confirmed by PCR analysis. Mice on regular diet were fed Formulab Diet (catalog no. 5008; Purina, St. Louis, MO) ad libitum and maintained on a 14-h/10-h light/dark cycle. Mice on the high-carbohydrate diet were fed Purina High Carbohydrate Purified Diet (catalog no. 46249) ad libitum with the same light/dark cycle. We tested both male and female mice. BG levels were measured from the tail vein with a OneTouch Ultra glucose meter (LifeScan, Milpitas, CA). Protocols were approved by the Institutional Animal Care and Use Committee at SUNY Upstate Medical University.
Retinal Function. We assessed retinal function by recording the ERG (27) . Dark-adapted mice were placed in a light-proof cage before light onset (0800 h) and anesthetized with Nembutal 37°C with a heating pad. ERGs were recorded on a Burian Allen electrode (Hansen Ophthalmic Development Lab, Coralville, IA; 0.3-1,000 Hz) in response to 10-ms LED flashes (520 nm) that delivered 55 cdsm Ϫ2 (0.9 ϫ 10 5 photons m Ϫ2 ) at the surface of the cornea at log I ϭ 0. The a-wave amplitude was measured from baseline to the trough of the initial corneal negative wave; b-wave was measured from the a-wave trough to the peak of the corneal positive wave. Plotted as a function of light intensity on log-log coordinates in Fig. 1 , the amplitudes of the a-and b-waves were fitted with Hill function, and threshold intensities, indicated by I t , required to evoke 30-V a-waves and 50-V ERG b-waves were determined. Retinal function was also measured by determining the light intensity necessary to evoke a halfmaximal b-wave, I o . Temporal properties of the ERG were measured by the latency from light flash to the peak of the b-wave, the so-called implicit time. Cone contributions to the ERG were determined by using a paired-flash paradigm (see SI  Fig. 6 ). Conditions of acute hyperglycemia were induced by delivering 150-200 l of 50% dextrose solution via a polyethylene tube (o.d. ϭ 750 m) to the stomach while the mouse was under anesthesia. ERGs were recorded after BG changes plateaued (Ϸ30 min).
Visual Acuity. We measured visual acuity of mice by observing their optomotor behavior using two-alternative forced-choice in combination with a computer-controlled display (OptoMotry; refs. 29 and 30). The optomotor stimulus was a vertically oriented sinusoidal pattern (100% contrast) rotated for 5-s periods at a speed of 12 0 /sec under photopic luminance levels (peak-to-peak luminance: 0.36-154.5 cd m Ϫ2 ). Our double-blind protocol ensured that the experimenter was unaware of the age, sex, and genotype of the tested animal and the direction of rotation of the sinusoidal pattern presented to the animal. The two-alternative forced-choice method required the observer to choose the direction of pattern rotation based only on the animal's behavior. Auditory feedback indicates correct/incorrect observer responses with threshold set equal to 70% correct. Each measure of visual acuity is the mean of four trials. Mice were tested under photopic conditions during the first 4 h of their daytime light cycle.
Histology. Anesthetized mice were perfused by intracardiac injection with PBS (pH 7.4) and then 4% paraformaldehyde in 0.1 M phosphate buffer (PB). The eyes were enucleated and postfixed in 1% OsO 4 /2% paraformaldehyde/1.25% glutaraldehyde in PBS (1 h) and then embedded in epoxy medium. Vertical sections (1-m thick) were cut through the center of the eye and stained with toluidine blue for light microscopy.
TUNEL and Immunohistochemistry. Animals were anesthetized, and their eyes were enucleated and fixed in 4% paraformaldehyde (4 h). Tissue was then cryoprotected in 30% sucrose overnight, embedded in OCT compound, and sectioned with a cryostat at 16 m. Sequential vertical sections cut through the center of the eye were labeled by TUNEL (Promega, Madison, WI) following the manufacturer's instructions. Tyramide-Cy3 (PerkinElmer, Wellesley, MA) was used instead of the colorimetric substrate for detection. After TUNEL, slides were immunolabeled with rabbit polyclonal antibodies to the cleaved subunit of caspase-3 (Cell Signaling Technology, Beverly, MA; 1:50) by using Cy2-conjugated goat anti-rabbit (Jackson ImmunoResearch, West Grove, PA) as a secondary and counterstained with DAPI (Molecular Probes, Eugene, OR). Using fluorescence microscopy, we examined the retinas of all three genotypes and scored individual TUNEL-positive and cleaved caspase-3 immunopositive cells. Averages were computed for Gcgr ϩ/ϩ (n ϭ 8), Gcgr ϩ/Ϫ (n ϭ 11), and Gcgr Ϫ/Ϫ (n ϭ 12) mice by summing the positive-stained cells in the five sequential sections cut vertically through the center of the eye and dividing the sum by five. Adjacent sections were stained with toluidine blue for light microscopy.
